Several human studies suggest that light-to-moderate alcohol consumption is associated with enhanced insulin sensitivity, but these studies are not free of conflicting results. To determine if ethanolenhanced insulin sensitivity could be demonstrated in an animal model, male Wistar rats were fed a standard chow diet and received drinking water without (control) or with different ethanol concentrations (0.5, 1.5, 3, 4.5 and 7%, v/v) for 4 weeks ad libitum. Then, an intravenous insulin tolerance test (IVITT) was performed to determine insulin sensitivity. Among the ethanol groups, only the 3% ethanol group showed an increase in insulin sensitivity based on the increase of the plasma glucose disappearance rate in the IVITT (30%, P<0.05). In addition, an intravenous glucose tolerance test (IVGTT) was performed in control and 3% ethanol animals. Insulin sensitivity was confirmed in 3% ethanol rats based on the reduction of insulin secretion in the IVGTT (35%, P<0.05), despite the same glucose profile. Additionally, the 3% ethanol treatment did not impair body weight gain or plasma aspartate aminotransferase and alanine aminotransferase activities. Thus, the present study established that 3% ethanol in the drinking water for 4 weeks in normal rats is a model of increased insulin sensitivity, which can be used for further investigations of the mechanisms involved.
· Insulin sensitivity · Ethanol · Liver glycogen · Low ethanol consumption Epidemiological evidence from many studies indicates that light-to-moderate drinking of any kind of alcoholic beverage is associated with a reduction in mortality, due primarily to a reduced risk of coronary heart disease (CHD) (1) (2) (3) (4) (5) (6) . This phenomenon was mainly related to the capability of moderate alcohol levels to lower CHD risk factors like high levels of LDL cholesterol and fibrinogen, and to increase in parallel the levels of cardioprotective HDL cholesterol (1, 7, 8) .
It is not known if ethanol affects those parameters separately or via a common link; however, some studies suggest that light-tomoderate levels of alcohol have a simultaneous influence on many risk parameters by establishing enhanced insulin sensitivity (9, 10) . This condition is characterized by relatively low plasma insulin levels, which are paradoxically effective enough to increase glucose uptake and to improve the profile of plasma lipids and lipoproteins (10) (11) (12) . Accordingly, enhanced insulin sensitivity is associated with higher HDL cholesterol and lower triglyceride concentrations. Due to its association with these beneficial effects, Valmadrid et al. (13) recently suggested that alcohol consumption could decrease the risk
of CHD mortality especially in humans with older-onset diabetes mellitus.
Although some studies indicate that lightto-moderate alcohol intake is associated with enhanced insulin sensitivity, they are not free of conflicting results. For example, while Kiechl et al. (9) showed that plasma insulin levels decreased with higher alcohol consumption, Razay and Heaton (14) found a Ushaped relation, with moderate drinkers having the lowest insulin concentration. That study also described that low-to-moderate drinkers had higher HDL cholesterol and lower triglyceride concentrations than nondrinkers; however, Facchini et al. (10) could only confirm the increase in HDL cholesterol.
Since these controversial observations have not been unraveled to date and the human studies leave some gaps in the complete understanding of the association of light-to-moderate alcohol consumption and insulin sensitivity (15) , it was the aim of this study to establish a reliable animal model that will allow more detailed investigations. Male Wistar rats received drinking water without (control) or with different ethanol concentrations (0.5, 1.5, 3, 4.5 and 7%, v/v) for 4 weeks ad libitum. At the end of this period, an intravenous insulin tolerance test (IVITT) was performed, showing that 3% ethanol-treated rats were more insulin sensitive. Additionally, the intravenous glucose tolerance test (IVGTT) was performed in control and 3% ethanol rats to confirm enhanced insulin sensitivity. The data obtained indicate that adding 3% ethanol to the drinking water indeed enhances insulin sensitivity in Wistar rats without impairing body weight gain or inducing liver injury.
Ethanol (99.5% pure) was obtained from Labsynth (Diadema, SP, Brazil). Insulin (Iolin) was purchased from Biobrás (Montes Claros, MG, Brazil). Glucose (25%, g/v) was from Merck (Rio de Janeiro, RJ, Brazil).
Male Wistar rats (~200 g body weight; 4-6 animals per cage) were allowed an adaptation period of 1-2 weeks with free access to water and food (pellet diet from Nuvilab, Colombo, PR, Brazil). For the subsequent 4 weeks, the rats received drinking water without (control) or with ethanol concentrations of 0.5, 1.5, 3, 4.5 or 7% (v/v), and body weight as well as food and water consumption were recorded. The animals were kept under a 12:12-h light-dark cycle (lights on at 6 am). Daily calorie intake was calculated according to the energy content of the different diets (11.7 kJ per gram chow; 23.4 kJ per ml of 100% ethanol). Before the experiments, the rats were anesthetized by intraperitonal injection of sodium pentobarbital (50 mg/kg body weight). The experiments were carried out around noon. All experimental protocols were approved by the Ethics Committee for Animal Research (CEEA) of the Institute of Biomedical Sciences, University of São Paulo, protocol #062/2000.
Intravenous insulin tolerance test. Rats were deprived of food for about 2 h and anesthetized, and then received an intravenous injection of insulin (0.75 U/kg body weight). Glucose levels were measured on samples obtained from the tail vein using a glucometer (Precision QID, Medisense, São Paulo, SP, Brazil) at 0, 4, 8, 12 and 16 min after insulin injection. The corresponding 4 to 16 min values were used to calculate the rate constant for plasma glucose disappearance (Kitt) according to the method of Bonora et al. (16) .
Intravenous glucose tolerance test. Control and 3% ethanol-treated rats were fooddeprived for 4 h and anesthetized and then received an intravenous glucose injection (0.75 g/100 g body weight). Tail venous blood samples were collected immediately before (0 min) and at 5, 10, 15, 20 and 30 min after injection. The samples were centrifuged (10 min, 1,000 g, 4ºC) and the plasma obtained was analyzed for glucose and insulin levels. Glucose was determined with a kit from CELM (Barueri, SP, Brazil), and insu-lin levels were measured by radioimmunoassay with a kit from DPC (Los Angeles, CA, USA). The data obtained were plotted, and the area under the curve (AUC) was calculated.
Hepatocellular enzyme determination. Control and 3% ethanol rats were anesthetized, and blood was taken from the inferior vena cava to obtain plasma samples. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities for each plasma sample were measured with kits from CELM.
Plasma ethanol determination. Rats were anesthetized, and blood samples were collected from the tail vein with heparinized syringes and centrifuged to obtain plasma. Blood samples were collected early in the morning immediately after the lights were turned on and ethanol concentration was measured with a kit from Sigma (St. Louis, MO, USA).
All values are reported as means ± SEM. Multiple comparisons were performed by analysis of variance (ANOVA) followed by the Student-Newman-Keuls post hoc test. When only two groups were compared, the unpaired Student t-test was used.
Body weight gain and total calorie intake of ethanol-treated rats. The mean values of body weight gain during the 4 weeks of treatment (Table 1) were similar in control and 0.5, 1.5, 3 and 7% ethanol rats. However, the 4.5% ethanol rats showed a lower body weight gain (53.3 ± 7.0 g), which was significantly different (P<0.01) from the higher body weight gain observed in the 0.5% ethanol rats (92.4 ± 5.0 g).
Higher dosages of ethanol in the drinking water resulted in a reduction of daily food consumption of 17% (3% ethanol, P<0.05), 30% (4.5% ethanol, P<0.001) and 18% (7% ethanol, P<0.01) when compared with control and 0.5% ethanol (Table 1) ; however, this finding clearly reflects the response of the rats to the additional calories in the drinking water (0.7 kJ/ml, 3% ethanol; 1.05 kJ/ml, 4.5% ethanol, and 1.64 kJ/ml, 7% ethanol). By combining the calories of the ethanol in the drinking water consumed with the calories of the standard chow diet eaten, the data obtained indicate that the total calorie intake per day of 3 and 7% ethanol rats was similar to that observed in control rats (Table 1) . Differently, in the 4.5% ethanol-treated rats the total calorie intake per day was reduced (P<0.001) compared to all other groups (Table 1) .
Ethanol-feeding affects Kitt during IVITT. After 4 weeks of treatment, the animals of all groups were submitted to an IVITT, and the results are shown in Figure 1A . The response of the rats treated with ethanol concentrations of 0.5, 1.5 and 7% in the drinking water yielded a Kitt value similar to that determined for the control rats, indicating the same insulin sensitivity for these animals. However, 3% ethanol in the drinking water clearly altered the response of the rats, resulting in an increased Kitt value [5.41 ± 0.39 (3% ethanol) vs 4.13 ± 0.21 (control), 3.71 ± 0.27 (0.5% ethanol) and 3.94 ± 0.50%/ min (7% ethanol); P<0.05 vs 0.5 and 7% and P<0.01 vs control, ANOVA]. The 1.5 and 4.5% ethanol-treated rats showed an intermediate response with an inverted U-shaped relationship between alcohol intake and in- sulin sensitivity, confirming that high ethanol consumption was not able to improve insulin sensitivity.
Consumption of 3% ethanol induces enhanced insulin sensitivity during the IVGTT.
To confirm that 3% ethanol in the drinking water can induce ethanol-enhanced insulin sensitivity, additional animals were used for an IVGTT after 4 weeks of treatment ( Figure  1C ). Control and 3% ethanol-treated rats showed the same plasma glucose profile during the IVGTT, and the calculation of the AUC revealed almost identical values (6335.9 ± 413.5 for control vs 6335.5 ± 414.8 for 3% ethanol). However, the glucose challenge caused a different profile of plasma insulin for control and ethanol-treated rats. As shown in Figure 1C , the AUC (375.5 ± 39.3 for the control vs 245.2 ± 30.4 for 3% ethanol; P<0.05) revealed that 35% less insulin was necessary for the 3% ethanol group to have the same clearance of glucose from plasma, indicating the higher insulin sensitivity of these animals.
Consumption of 3% ethanol induces low plasma ethanol levels without causing hepatic injury. Plasma ethanol levels were measured in all groups of animals ( Figure  1B ) in blood samples obtained early in the morning, a time when the animals were thought to have the highest plasma levels, considering that the drinking behavior occurs mainly at night. The plasma ethanol level was undetectable in rats receiving 0.5% ethanol, and progressively increased in rats treated with 1.5 to 7% ethanol. The plasma concentration of 3% ethanol-treated rats was 0.033 ± 0.004 g/100 ml (0.028 g/100 ml in whole blood), which is considered to be a very low concentration.
Treatment with 3% ethanol in the drinking water for a total period of 4 weeks did not result in hepatic injury ( Figure 1D ). At this time point, the control rats showed a plasma AST activity of 67.17 ± 1.20 U/l and an ALT activity of 51.39 ± 0.66 U/l, while the ethanol-treated rats had activities of 71.90 ± 5.63 and 43.66 ± 6.44 U/l, respectively. 
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In the present study, chronic treatment of male Wistar rats with 3% (v/v) ethanol in the drinking water over a period of 4 weeks resulted in enhanced insulin sensitivity, while lower or higher concentrations of ethanol in the drinking water had no such effect. This finding strongly supports the idea proposed in some human studies of an inverse Ushaped relationship between alcohol intake and insulin sensitivity (12, 14, 15) . However, it is reasonable to assume that at higher alcohol concentrations the inverse U-shaped relationship changes to an inverse J-shaped relationship since other human and animal studies have demonstrated that ethanol consumption can impair insulin-mediated glucose uptake and cause insulin resistance (17) (18) (19) .
The consequence of both inverse U-and J-shaped relationships is that only a certain range of alcohol can improve insulin sensitivity, and it will be interesting to determine if the applied ethanol concentration (3% ethanol in the drinking water, equivalent to 9% of total calories) also has an effect on CHD risk factors like LDL cholesterol, fibrinogen and HDL cholesterol. This idea is supported by another study (20) in which SpragueDawley rats were fed a liquid diet containing 9% ethanol as total calories and showed cardiovascular protection after several weeks of treatment.
It is important to note that improvement of insulin sensitivity was achieved in normal non-obese rats, in which glucose homeostasis is strongly controlled. Although 3% ethanol treatment for 4 weeks induced a slight reduction in food consumption, the total calorie intake was unchanged, a fact that may be responsible for the preserved body weight. The absence of weight loss indicates that low ethanol consumption is the main factor responsible for the improvement of insulin sensitivity. Recovery of insulin sensitivity induced by ethanol treatment was reported in severely obese insulin-resistant mice, which, however, showed an important weight loss (20) . Additionally, the 20% (v/v) ethanol used (20) was a very high dose, as shown by the blood ethanol levels of the animals which were 2.5 times higher than the 3% ethanol levels observed in the present study. The low ethanol consumption by 3% ethanol-treated rats had no effect on ALT or AST enzyme activity, suggesting preserved liver function and reinforcing the idea of a direct action of ethanol on the mechanisms involved in insulin sensitivity.
We showed that low ethanol consumption can improve insulin sensitivity, which is not related to the loss of weight. Clarifying these details will not only shed light on the phenomenon of ethanol-enhanced insulin sensitivity, but the identification of the involved mechanism(s) will also give an idea if the relevant pathway can be triggered by a drug, thus offering a possible option for a new treatment of diabetes.
